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and its complications.

Introduction

Obesity is characterized by chronic low-grade inflammation
and macrophage accumulation in white adipose tissue (WAT).
These cells regulate metabolism by producing proinflammato-
ry cytokines, such as TNF-q, that compromise glucose homeo-
stasis (1). The concept of macrophage-mediated inflammation
impairing adipose tissue health is fortified by the observation
that macrophages in WAT of obese patients generally polarize
to the M1 phenotype, while lean fat contains an abundance of
M2 cells (2). This concept raises the possibility that promot-
ing a predominance of hypoinflammatory macrophages in
patients may reduce pathological remodeling of WAT and as
such, diminish the complications of obesity. In fact, ablation of
CD1l1c-expressing cells normalizes insulin sensitivity in obese
mice (3). Absence of proinflammatory macrophages, however,
does not influence body weight, underscoring the uncertainty
of the cell’s precise effect on obesity.
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We previously established that global deletion of the enhancer of trithorax and polycomb (ETP) gene, Asx/2, prevents

weight gain. Because proinflammatory macrophages recruited to adipose tissue are central to the metabolic complications
of obesity, we explored the role of ASXL2 in myeloid lineage cells. Unexpectedly, mice without Asx/2 only in myeloid cells
(Asx/2:vsM) were completely resistant to diet-induced weight gain and metabolically normal despite increased food intake,
comparable activity, and equivalent fecal fat. Asx/2*'¥*™ mice resisted HFD-induced adipose tissue macrophage infiltration and
inflammatory cytokine gene expression. Energy expenditure and brown adipose tissue metabolism in Asx/2**" mice were
protected from the suppressive effects of HFD, a phenomenon associated with relatively increased catecholamines likely due
to their suppressed degradation by macrophages. White adipose tissue of HFD-fed Asx/2*~*" mice also exhibited none of the
pathological remodeling extant in their control counterparts. Suppression of macrophage Asx/2 expression, via nanoparticle-
based siRNA delivery, prevented HFD-induced obesity. Thus, ASXL2 controlled the response of macrophages to dietary
factors to regulate metabolic homeostasis, suggesting modulation of the cells’ inflammatory phenotype may impact obesity

We previously reported that global deletion of the enhancer
of trithorax and polycomb (ETP) gene, Asx/2, completely protects
mice from HFD-induced weight gain while inducing lipodystro-
phy and hepatic steatosis (4). Reasoning that this phenotype is like-
ly mediated by altered function of metabolic tissues, specifically
hepatocytes and adipocytes, we conditionally deleted the gene in
liver or fat. Unlike their globally deleted counterparts, however,
these mice exhibited no liver or adipose tissue abnormalities and
gained weight on HFD equal to that of controls.

Many studies have established that macrophages are central to
adipose tissue homeostasis and their phenotype is distinct in obese
versus lean fat. With this in mind, we deleted AsxI2 exclusively in
myeloid lineage cells (Asx[2/b*M). Whereas HFD-fed control mice
increased body mass by 50% in 8 weeks, surprisingly those with-
out Asx/2, targeted only in myeloid cells, were completely resistant
to weight gain despite increased food intake and similar activity
and fecal fat. Moreover, while HFD-fed control mice were insulin
resistant, those with myeloid-depleted Asx/2 were metabolically
normal. Importantly, myeloid-specific Asx[2 deletion markedly
diminished HFD-stimulated macrophage abundance in fat, and
its associated inflammatory cytokine expression. Likely due to
preservation of catecholamines, HFD Asx[2/* BAT was protected
from lipid-mediated UCP1 suppression typically attending obesi-
ty. Thus, resting energy expenditure was 45% greater in HFD-fed
Asx[24M mice than control mice. WAT of HFD-fed Asx[2» mice
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Figure 1. ASXL2 regulates weight gain and metabolic homeostasis. (A-C) RNA-seq analysis of bone marrow macrophages derived from Asx/2// and

Asxi2#v" mice. (A) Principal component analysis of all differentially expressed genes. Shaded ellipses are 95% confidence

intervals for each group. (B)

Heatmap of the top 30 most differentially expressed genes in macrophages based on log(fold change) > 1.3 with adjusted P < 0.001. (C) Gene Ontology
(GO) term analysis of all genes significantly downregulated (negative enrichment, blue bar) or upregulated (positive enrichment, red bar) in Asx/2/vs"

macrophages. (D-K) Two-month-old control and Asx/2%*" mice were fed chow diet or HFD for 8 weeks. (D) Body weight w

ith time. (E) Weight of gonadal

WAT (gWAT) and inguinal WAT (iWAT) depots at sacrifice. (F) Size of WAT adipocytes at sacrifice. (G) DXA scans at time of sacrifice. (H) DXA-determined
percentage body fat at sacrifice. (I) Glucose tolerance test performed before sacrifice. (J) Insulin tolerance test performed before sacrifice. (K) Hematoxylin
and eosin-stained liver of control and Asx{2%%™ mice after 8 weeks on HFD. Scale bar: 400 pm. Data are presented as mean + SD. *P < 0.05; **P < 0.07;

***P < 0.001; as determined by 2-way ANOVA with Holm-Sidak post hoc analysis for multiple comparisons (D-F and H-)).
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Figure 2. ASXL2 regulates energy expenditure. (A) Food intake normalized to body weight of
HFD-fed Asxi2/f and AsxI2*¥*™ mice. (B) Fecal fat of HFD-fed Asx/2/f and Asx/2/¥*™ mice. HFD-
fed AsxI2" and Asxi2* mice were placed in metabolic cages for 48 hours with 12-hour light/
dark cycles. (C) Activity, (D) energy expenditure, and (E) respiratory exchange rate (RER) at 48
hours. Data are presented as mean + SD. *P < 0.05, as determined by unpaired t test (A and E).

also exhibited none of the pathological remodeling extant in their
control counterparts. Finally, siRNA-mediated Asx/2 suppression
in vivo, using nanoparticles (NPs) specifically targeting inflamma-
tory macrophages, also prevented HFD-induced obesity. These
experiments establish that targeting a single myeloid lineage gene
can eliminate diet-induced obesity and its complications.

Results

HFD-fed AsxI2** mice are resistant to metabolic challenge. We pre-
viously reported that global deletion of Asx/2 effects glucose and
lipid metabolism (4). Unlike their WT counterparts, Asx/27~ mice
fed a HFD fail to gain weight, indicating a possible role for ASXL2
in metabolically active tissue. Given these observations and the
fact that ASXL2 controls PPARy-dependent gene expression (4),
which is required for adipogenesis, we hypothesized that global
AsxI2 deficiency prevents adipogenesis by disrupting PPARy in fat.
To test this hypothesis, we mated Asx/2*/ mice with those express-
ing adiponectin-Cre to selectively delete Asx/2 in adipocytes
(Asx]2#4dipoq) (5), Contrary to our hypothesis, Asx/2 deficiency in adi-
pose tissue did not affect body weight at steady state nor inresponse
to HFD (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI1128687DS1).
The same holds regarding liver-selective Asx/2 deletion using albu-
min-Cre (Asx[244%) (Supplemental Figure 1B). Additionally, glucose
tolerance of HFD-fed Asx/244%d and Asx[244" mice mirrored their
Cre-negative counterparts (Supplemental Figure 1, C and D)

jci.org  Volume130  Number5  May 2020

cycle- and mitosis-related genes were upregulated.
The fact that most of the dominant downregulated
genes are also implicated in modulating adipose tis-
sue inflammation and fibrosis supports the concept
that genetic deletion of Asx/2 in myeloid cells may
modify obesity. Therefore, we fed normal chow or
HFD to AsxI2f and AsxI2*®*™ mice. As expected,
body weights of both control and Asx[2/?* mice
were similar on chow diet, while those of HFD-fed control mice
(AsxI27F) increased approximately 50% after 8 weeks (Figure
1D). Surprisingly, those lacking Asxi2 exclusively in myeloid lin-
eage cells were completely impervious to diet-induced weight
gain, mirroring their chow-fed counterparts. Consistent with
these observations, inguinal WAT (iWAT) and gonadal WAT
(gWAT) weights, as well as adipocyte size, were substantial-
ly less in Asx[24b1 mice compared with Asx[2# controls on an
HFD (Figure 1, E and F). Dual-energy x-ray absorptiometry
(DXA) scans showed markedly increased visceral and subcuta-
neous adiposity in HFD-fed Asx[2/ controls but only a modest
gain in analogous Asx/24»¥ mice (Figure 1, G and H). Asx[24bM
mice were also protected from HFD-induced glucose and insulin
intolerance (Figure 1, I and J) and Asx/242*M mice, but not Asx[2//
mice, did not develop diet-induced hepatic steatosis (Figure 1K).
Thus, diet-induced metabolic syndrome is prevented by ASXL2
inactivation in myeloid lineage cells.

Obesity resistance of myeloid-specific AsxI2 deletion reflects rela-
tively increased energy expenditure. Despite failure to gain weight,
food intake of HFD-fed Asx/2/»*M mice, normalized to body
weight, surpassed that of their obese control counterparts, while
fecal fat content was the same (Figure 2, A and B). These obser-
vations raised the prospect that resistance to diet-induced weight
gain of Asx[2/2™ mice reflects relatively enhanced energy utiliza-
tion. To address this possibility, control and Asx[2% mice were
placed in metabolic cages for 48 hours, 8 weeks after initiation
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Figure 3. BAT is protected in Asx/24* mice. (A) Hematoxylin and eosin-stained histological sections of BAT of Asx/2™/f and Asx/24¥*" mice after 8 weeks
on chow diet or HFD. Scale bar: 300 um. (B) BAT weight of HFD-fed Asx/2"/" and Asx/2/%** mice. (C) UCP1-immunostained histological sections of BAT of
Asxi2/f and AsxI24¥*M mice after 8 weeks on chow diet or HFD. Scale bar: 200 um. (D) gPCR analysis of UcpT mRNA abundance in AsxI2/ and Asx/24sM
mice after 8 weeks on HFD. (E) Immunoblot of UCP1 abundance in Asx/2//f and Asx/2¥*™ mice after 8 weeks on HFD. (F and G) PET scan determination

of (F) palmitate and (G) fludeoxyglucose metabolism in BAT of Asx/2"/" and Asx{2"¥*™ mice after 8 weeks on HFD. (F) Serum free fatty acids (H) and
triglycerides (1) of Asxi2f and Asx/2?%** mice after 8 weeks on chow diet or HFD. (J) Core body temperature of Asx/2/f and AsxI2*%" mice maintained at
room temperature (RT, 23°C) or 4° for 30 minutes, after 8 weeks on chow diet or HFD. (K) Two-month-old UcpT-, Asxi2f/f| AsxI2*¥M and Asx/2'¥" Ucp1-'-
mice were fed HFD for 8 weeks at neutral thermal temperature (30°C); body weight change was measured with time. *P < 0.05 for comparisons between
Ucp1”~ and Asxi2*%" Ucp1--; #P < 0.05 for comparisons between Asx/2/¥*M and Asxi2»" Ucp1~'- at 8 weeks of HFD.Data are presented as mean + SD. *P <
0.05; **P < 0.01; as determined by unpaired t test (B and D) or 2-way ANOVA with Holm-Sidak post hoc analysis for multiple comparisons (F, H, J, and K).

of HFD. Despite equivalent physical activity (Figure 2C), ener-
gy expenditure, normalized to body weight, was approximately
45% greater, through light and dark cycles, in Asx/2/2 mice than
similarly fed controls (Figure 2D). The respiratory exchange ratio
(RER) was also greater in HFD Asx/24%* mice (Figure 2E). Thus,
the obesity resistance of Asx[2#2" mice reflects a relative increase
in energy utilization.

BAT is protected in AsxI2'»™ mice. The energy expenditure
of HFD-fed Asx[2"»M mice raised the possibility that it reflects
uncoupling of ATP and respiration, as induced by UCP1. Thus, we
explored beiging of iWAT. Like their control counterparts, chow-
fed Asx[2/»M mice contained numerous foci of characteristic,
UCPI-expressing beige fat foci that were absent in HFD-fed con-
trol animals (Supplemental Figure 2A). Despite their normal met-
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abolic phenotype, iWAT of HFD-fed Asx/2»*¥ mice surprisingly
mirrored that of their control counterparts, as it was also devoid of
UCP1-producing adipocytes. Thus, the robust energy expenditure
induced by myeloid-specific Asxi2 deletion likely does not repre-
sent IWAT beiging.

Similarly to WAT, the appearance of brown adipose tissue
(BAT) of chow-fed Asx[2*»* mice was indistinguishable from their
control counterparts (Figure 3A). As previously noted, HFD induc-
es whitening of BAT in Asx[2%# mice in that adipocytes contain
large lipid droplets reminiscent of those in WAT (8, 9). Although
BAT of HFD-fed Asx[24»** mice exhibited some evidence of whit-
ening compared with that of chow-fed animals, it was minimal rel-
ative to that of HFD-fed Asx[2"# mice. Consequent to avoidance
of diet-induced lipid accumulation, the weight of HFD Asx[24b
BAT was lower than that of control (Figure 3B). In keeping with
evidence that prevention of HFD-induced whitening preserves
BAT activity (10), UCP1 expression determined by immunostain-
ing, quantitative real-time PCR (qQPCR), and immunoblot, was rel-
atively enhanced in HFD Asx/2*»* mice (Figure 3, C-E, and Sup-
plemental Figure 2B). Furthermore, PET imaging documented
greater palmitate metabolism by HFD Asx/24%™ than Asx[2%/ BAT,
invivo (Figure 3F). Although fludeoxyglucose metabolism by HFD
Asx[27M BAT trended higher relative to that of Asx/2"/ counter-
parts, the difference was not significant (Figure 3G). Circulating
free fatty acids (FFAs) were increased in HFD control mice but not
those with myeloid Asx/2 deletion, likely reflecting maintenance
of their robust metabolism in BAT (Figure 3H and ref. 11). In keep-
ing with previous data, serum triglycerides were unaltered in each
cohort of mice regardless of diet (Figure 3I).

As in mice, human fat mass and BAT activity are negatively
correlated, whereas BAT activity and energy expenditure are pos-
itively related (12). Hence, the obesity resistance of Asx/24»* mice
may represent their preserved UCPl-mediated energy expendi-
ture. In keeping with the hypothesis that their failure to gain weight
represents preservation of UCP1-mediated ATP uncoupled respi-
ration, core body temperature of HFD Asx[2/"* mice, maintained
at 4°C, was significantly higher than that of control (Figure 3J).
Asx[24M mice on an HFD, housed at 30°C, also had lower body

jci.org  Volume130  Number5  May 2020
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Figure 4. Catecholamines are relatively increased in Asx/2/¥** BAT.

(A) Tyrosine hydroxylase mRNA expression by naive and IL-4- or pal-
mitate-treated Asx/2//f and Asx/2"¥* BMMs. Adrenal tissue served as
positive control. (B) Norepinephrine (NE) content of BAT of HFD-fed control
and Asx/2'¥*™ mice. (C) Glycerol released from BAT explants derived from
HFD-fed control and Asx/2/¥" mice. (D) Maoa mRNA abundance in BAT
stromal vascular fraction of chow- or HFD-fed control and Asx/2?%*™ mice.
Data are presented as mean + SD. *P < 0.05, as determined by unpaired t
test (B) or 2-way ANOVA with Holm-Sidak’s post hoc analysis for multiple
comparisons (C and D).

weight than Asx/2"/ controls (Figure 3K). Indicating that UCP1
contributes to obesity resistance of the myeloid-mutant mice at
thermoneutrality, the percentage increase in body weight of HFD-
fed Asx[2*»M mice, globally lacking Ucpl (Asx[24» Ucpl), mir-
rored that of AsxI2%# and was significantly greater than Asx/24bM
(Figure 3K). Thus, UCP1 contributes to the obesity resistance of
Asx[24»M mice at room temperature and thermoneutrality (13).

Catecholamines are increased in ASXL2*»M BAT. Macrophages
are proposed to influence weight gain by altering uncoupled res-
piration. A common hypothesis holds that alternatively activated
myeloid cells express catecholamines that promote UCP1 expres-
sion by beige adipocytes, thereby enhancing energy expenditure
(14). Recent data, however, challenge this postulate and it has
been concluded that alternatively activated macrophages do not
express catecholamines (15). Consistent with this conclusion,
naive and palmitate- or IL-4-treated Asx[2%# and Asx[2»* BMMs
expressed little tyrosine hydroxylase mRNA (Th), whose product
catalyzes a rate-limiting step in catecholamine synthesis (Figure
4A). 1t is likely, therefore, that macrophages do not produce cat-
echolamines that contribute to the obesity resistance of Asx/240M
mice. Despite a paucity of tyrosine hydroxylase expression in
macrophages, norepinephrine was unexpectedly approximately
twice as abundant in HFD-fed Asx/24%* BAT as control (Figure 4B).
Because processing of triglycerides to FFAs and glycerol is regu-
lated by norepinephrine, we measured lipolysis in BAT explants
derived from HFD-fed control and Asx/2#* mice. Corroborat-
ing palmitate uptake and confirming the functional significance
of catecholamine abundance, lipolysis in Asx[2/?™ BAT explants
was increased, both in the basal state and when stimulated with
isoproterenol (Figure 4C). Thus, despite their likely failure to pro-
duce norepinephrine, Asx/2-deficient macrophages may regulate
BAT metabolism by affecting catecholamine signaling.

Although a subset of macrophages associated with sympathet-
ic neurons do not express catecholamines, they incorporate and
degrade norepinephrine, thus preventing its accumulation in BAT
(16, 17). These sympathetic neuron-associated macrophages reduce
catecholamines in BAT via expression of solute carrier member 2
(Slc6a2) norepinephrine transporter and/or monoamine oxidase A
(Maoa), an amine-degrading mitochondrial enzyme. Indicating that
impaired catecholamine degradation likely contributes to the pres-
ervation of BAT in HFD-fed Asx/2%*M mice, Maoa in the stromal vas-
cular fraction (SVF) of BAT was diminished relative to their Asx[2/
counterparts and mirrored that of chow-fed mice (Figure 4D).

Absence of AsxI2 in myeloid lineage cells prevents accumulation of
macrophages in WAT and BAT in response to HFD. Adipose tissues
contain diverse myeloid cell types, including abundant eosinophils
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Figure 5. ASXL2 expression in myeloid cells is required for macrophage accumulation in WAT and BAT in obesity. Asx/2//" and Asx{2*%*" mice were

fed either a chow diet or HFD. (A) Frequencies and (B) numbers of F4/80°CD64* macrophages in gonadal WAT: pregated on singlet, live, CD45" cells.

(C) Frequencies and (D) numbers of F4/80*CD64* macrophages in BAT: pregated on singlet, live, CD45* cells. (E) Inflammatory cytokine and chemokine
mRNA expression in stromal vascular fraction of BAT of Asx/2f/f or Asxi2** mice after 8 weeks fed with chow diet or HFD. (F) Macrophage marker mRNA
expression in stromal vascular fraction of BAT of Asx/2//f or ASXL2"¥*" mice after 8 weeks fed with chow diet or HFD. (G) Body weight and brown or
gonadal fat pad weight of AsxI2/f and AsxI2/%*™ mice after 4 weeks of HFD. (H) Adgre? (F4/80) and inflammatory cytokine mRNA expression in stromal
vascular fraction of BAT of Asx/2™/ or Asx/24¥" mice after 4 weeks on HFD. (I) IL-18 and TNF-a secretion by bone marrow-derived macrophages of Asx/2f/
Mor Asxj24»M mice stimulated with 100 ng/mL LPS for 3 hours, followed by 15 uM nigericin for 1 hour. (J-L) Histological sections of WAT of HFD-fed control
or Asxi2'¥*™ mice stained to identify ()) fibrosis (hematoxylin and eosin), (K) hypoxic adipocytes, and (L) crown-like structures (F4/80). Scale bars: 1mm
(), 400 um (K), and 200 pm (L). (M) ECM gene mRNA expression in gonadal WAT stromal vascular fraction of chow- or HFD-fed Asx/2/ or Asxi2¥" mice.
Data are presented as mean * SD. *P < 0.05; **P < 0.01; ***P < 0.001; as determined by unpaired t test (H and I) or 2-way ANOVA with Holm-Sidak post

hoc analysis for multiple comparisons (B, D-F, and M).
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Figure 6. siRNA-mediated Asx/2 suppression in macrophages prevents diet-induced obesity. (A) Body weight, (B) glucose tolerance test, and (C) insulin
tolerance test of Bap?" and Bap1"¥** mice fed HFD for 6 weeks. (B) WT BMMs were incubated with GFP-siRNA- or Asx/2-siRNA-associated nanoparti-
cles. Asx/2 mRNA was measured by gPCR and compared to that of Asx/2/¥** BMMs. Colocalization of macrophages (F4/80) and Asx/2-siRNA-associated
nanoparticles in (E) spleen and (F) gonadal WAT of HFD-fed WT mice. Scale bars: 100 pm (E) and 30 um (F). (G) Body weight of WT HFD-fed mice admin-
istered GFP-siRNA- or Asx/2-siRNA-associated nanoparticles. Data are presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001; as determined by
1-way ANOVA with Holm-Sidak post hoc analysis for multiple comparisons (A-C and G).

and macrophages. In the lean state, eosinophils produce IL-4 to
sustain an antiinflammatory program in WAT macrophages (18).
In obesity, however, eosinophils in WAT are reduced and macro-
phages upregulate expression of proinflammatory cytokines such as
TNF-o that impair glucose homeostasis (19, 20). We therefore asked
whether ASXL2 expression in myeloid lineage cells determines
eosinophil or macrophage responses to HFD in WAT and BAT.

We identified CD45°SiglecF*SSC" eosinophils and CD45°F4/
80°CD64" macrophages in WAT and compared their abun-
dance in Asx/2?# and Asx[242*™ mice (Supplemental Figure 3).
Eosinophils were decreased in WAT of HFD-fed mice irrespec-
tive of genotype, suggesting that ASXL2 does not determine
eosinophil responses to diet-induced obesity (Supplemental
Figure 4). In contrast, WAT macrophages were increased in fre-
quency and number following an HFD in Asx/27/ mice, but not
in Asx[24»M mice (Figure 5, A and B). A similar pattern occurred
regarding macrophage frequencies and numbers in BAT (Fig-
ure 5, C and D). Consistent with this observation and confirm-
ing previous RNA-seq data, HFD induced expression of inflam-
matory cytokine mRNAs, including I/1b and Tnfa, in both BAT
(Figure 5E) and WAT (Supplemental Figure 5) SVF of HFD-fed
AsxI2"" but not Asx[24» mice. Additionally, macrophages
expressing Adgrel (F4/80), Cd68, and Fcgrla (CD64) were
decreased in Asx[22™ BAT SVF (Figure 5F). To determine if the
decreased macrophage infiltration in BAT is a consequence of
myeloid deletion of AsxI2 or of obesity resistance, we fed mice
an HFD for 4 weeks, at which time body weight of WT mice
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had not yet increased (Figure 5G). Confirming that the relative
paucity of macrophages in HFD-fed Asx[24%™ mice is not due
to their failure to gain weight, expression of the macrophage
markers Adgrel (F4/80), Tnfa, and Il1b was significantly lower
in BAT SVF of 4-week HFD-fed Asx/249™ mice than similarly
fed, nonobese AsxI2%/f controls (Figure 5H).

Induction of the NLRP3 inflammasome enhances MAOA
abundance (16). The paucity of IL-13 mRNA, expressed by
Asx[24091 relative to Asx[2"f macrophages, therefore raised the
possibility that preservation of BAT catecholamines reflects sup-
pressed inflammasome activity. Expression of Nirp3 by Asx[2/
and Asx[2%7 BMMs, in response to LPS or TNF-a was, however,
similar, suggesting that NLRP3 is not regulated by ASXL2 (Sup-
plemental Figure 6A). Additionally, LPS- and nigericin-induced
inflammasome activation, reflected by cellular foci upon binding
of the FLICA probe to active caspase-1 (21), yielded no difference
between Asx[249™ and Asx[2"" macrophages (Supplemental Fig-
ure 6B). Interestingly, LPS-stimulated secretion of IL-1B by Asx-
[24M BMMs was decreased, suggesting that ASXL2 inactivation
dampens pathways involved in the secretion, but not maturation,
of IL-1p (Figure 5I). Likewise, TNF-u expression by mutant cells
was decreased (Figure 5I). It is therefore likely that absence of
ASXL?2 in macrophages preserves catecholamines by their limited
infiltration into BAT and diminished expression and secretion of
proinflammatory cytokines. Supporting this conclusion, no differ-
ences in Maoa expression were observed in Asx[2* and control
BMMs (Supplemental Figure 6C).
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Obesity is characterized by destructive changes in WAT,
including hypovascularity-induced hypoxia leading to adipo-
cyte death (19, 22) and eventuating in peri-adipocyte fibrosis
that compromises lipid uptake and, therefore, metabolic func-
tion. The fibrosis of obese WAT enhances the inflammatory
state of pre-adipocytes and macrophages, thus invoking a cycle
of ECM production, inflammation, and pathological adipose tis-
sue remodeling (23). Like their gross phenotype, the microscop-
ic appearance of WAT of chow-fed Asx[29" mice was indis-
tinguishable from their control counterparts (not shown). As
expected, WAT of Asx[2%# mice, maintained on HFD, contained
abundant fibrosis, a plethora of hypoxic cells, and numerous
crown-like structures in which macrophages phagocytose lip-
id droplets (Figure 5, J-L). In contrast, adipocytes of HFD-fed
AsxI2/M mice exhibited no evidence of fibrosis, crown-like
structures, or hypoxic cells. In keeping with these morphologi-
cal observations, HFD promoted expression of selected collagen
synthesis genes in WAT SVF in Asx/2# mice but not Asx[24b
counterparts (Figure 5M). These observations indicate that
ASXL2is required for macrophage accumulation and inflamma-
tion in WAT and BAT in the context of diet-induced obesity and
suggest that ASXL2 expression in macrophages may contribute
to pathological remodeling of fat.

Myeloid-specific BAPI deletion arrests HFD-induced weight
gain. BAP1 is a tumor suppressor and deubiquitinase that com-
plexes with and stabilizes ASXL2 (24). This relationship raised
the possibility that, like ASXL2, absence of BAP1 in myeloid
lineage cells impacts HFD-induced weight gain. Thus, mirror-
ing our approach to ASXL2, we mated BapI® and LysM-Cre
mice. Similarly to Asx[24» mice, those lacking Bapl exclusive-
ly in myeloid lineage cells failed to gain weight on an HFD and
maintain glucose and insulin sensitivity (Figure 6, A-C). Like
Asx[27™ mice, HFD-fed Bapl*»* mice had diminished Maoa
and arrested lipolysis in BAT (Supplemental Figure 7). Given its
essential role in stabilizing ASXL2, the obesity-preventing prop-
erties of myeloid-specific deletion of Bap]I is in keeping with the
similar phenotype of Asx[24»*M mice.

siRNA-mediated ASXL2 suppression in macrophages prevents
diet-induced obesity. Our data raise the possibility that therapeu-
tic suppression of ASXL2 expression in macrophages may obviate
diet-induced obesity. To explore this prospect, we turned to Asx/2
siRNA formulated with a biocompatible cationic amphipathic
peptide (pSRHH) to create 55-nm NPs that are phagocytosed by
macrophages, followed by endosomolysis and siRNA release to
engage the RISC complex (25-27). The clinical potential of this
strategy is underscored by the fact that NP-mediated ablation of
specific subsets of myeloid lineage cells positively affects condi-
tions such as stroke and sepsis (28) and the same macrophage-tar-
geting NPs, used here, combined with NF-kB p65 siRNA, prevent
inflammatory and osteoarthritis (29, 30). We therefore asked
if a similar strategy to suppress macrophage ASXL2 expression
would arrest diet-induced obesity. To this end, we used a Cy5.5-
labeled pSRHH-Asx/2 siRNA, designed and synthesized by Sigma-
Aldrich, multiplexed in unitary peptidic NPs, which suppressed
Asxl2 mRNA expression in isolated BMMs by approximately 50%
(Figure 6D). We administered 0.5 mg/kg to mice, twice per week
while maintaining them on an HFD for 8 weeks.
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Distribution of the pSRHH-siRNA complex in mice with col-
lagen-induced arthritis appears limited to inflamed joints and
kidneys. In contrast to the relatively restricted localization in
inflammatory arthritis and perhaps reflecting the systemic inflam-
mation accompanying obesity (22), Asx/2-siRNA-associated NPs
were distributed in kidneys, spleen, bone, muscle, lung, and sub-
cutaneous and visceral fat depots (Supplemental Figure 8). Con-
firming that they target macrophages, Asx/2-siRNA-associated
NPs localized exclusively in cells expressing F4/80 in spleen and
targeted the same cells in gWAT of HFD-fed WT mice (Figure
6, E and F). Administration of this NP complex to HFD-fed WT
mice completely prevented weight gain relative to those receiving
GFP-siRNA-associated NPs (Figure 6G). Thus, pharmacological
arrest of Asxl2 expression in macrophages has antiobesity prop-
erties. Furthermore, prevention of diet-induced weight gain by
macrophage-specific siRNA-associated NPs fortifies the myeloid
specificity of LysM-mediated Asx/2 ablation.

Discussion

Resistance of Asx/2D*M mice to diet-induced weight gain suggests
obesity can be positively affected by manipulation of myeloid lin-
eage cells. Furthermore, evidence that abundant fat intake may
prolong longevity in humans and mice buttresses the potential
importance of possibly limiting obesity in the face of HFD (31, 32).

This study was initiated with the expectation that absence of the
gene in classical metabolism-regulating tissues, namely liver or fat,
mediates the obesity resistance of global Asx/2 deletion. Although
that proved not to be the case, mice bearing myeloid-specific dele-
tion of the ETP gene mirrored their globally deficient counterparts
in that they failed to gain HFD-induced weight. Importantly, unlike
those with global deletion, insulin and glucose homeostases of Asx-
[24M mice on HFD remain preserved. Fortifying the concept that
myeloid-expressed ASXL2 regulates diet-induced obesity, sim-
ilar conditional deletion of Bapl, which stabilizes the ETP protein
and enables its epigenetic properties, also prevents HFD-induced
weight gain and its metabolic consequences (24, 33).

In the face of enhanced food consumption, unaltered activi-
ty, and normal intestinal absorption of HFD-fed Asx/24»* mice,
it is likely their obesity resistance reflects enhanced basal energy
expenditure relative to similarly fed AsxI27# controls. Furthermore,
the relative increase in BAT metabolic activity, as determined by
fatty acid incorporation and UCP1 abundance, suggests that pro-
tection of BAT from the effects of obesity by myeloid-specific
deletion of AsxI2 is substantially responsible for increased energy
expenditure of the mutant mice. On the other hand, Asx/2"»** mac-
rophage-mediated prevention of steatosis, which reduces hepato-
cyte B-oxidation, may also contribute to the relatively robust ener-
gy expenditure of the conditionally deleted mice (34).

Morphologically, the most impressive difference between
HFD control and Asx[2"™ BAT is accumulation of large lipid
droplets in the former. This whitening diminishes BAT efficacy.
Given their reduced basal energy expenditure, it is possible that
lipid droplet accumulation in BAT may contribute to the predispo-
sition of previously obese individuals to regain weight. Although
prevention of whitening of Asx/2/™ BAT is likely central to main-
taining energy expenditure, the means by which lipid accumula-
tion in this tissue is prevented in our mutant is enigmatic.
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In normal HFD obesity, hypoxia-induced necrotic adipocytes
recruit and activate macrophages which, in turn, induce a proin-
flammatory phenotype in WAT (19). This induction of inflamma-
tion is the product of secreted cytokines such as TNF-a, which
promote ECM expression by adipocytes, further enhancing their
inflammatory state and systemic insulin resistance. Surviving adi-
pocytes, while increased in size, are mechanically restricted, thus
compromising their capacity to incorporate fatty acids in the form
of triglycerides. This process likely prompts spillover of fatty acids
from inflamed, dysfunctional WAT adipocytes. In consequence,
large lipid droplets accumulate in other tissues such as liver, mus-
cle, and BAT, which participate in triglyceride clearance, thus com-
promising insulin sensitivity and decreasing energy expenditure
due to reduced UCP1 (9, 35). The contention that myeloid-specific
AsxI2 deletion protects BAT by preventing HFD-induced lipid
spillover is supported by the simultaneous prevention of hepatic
steatosis. In the absence of ASXL2, macrophages are less prone to
inflammatory activation and ECM expression and as such, patho-
logical WAT remodeling is limited which may prevent lipid spill-
over and restrict whitening of BAT.

On the other hand, BAT effectively incorporates triglycerides
and metabolizes fatty acids, a process mediated by thermogenic
activation involving UCP1 induction (9). Incorporation of tri-
glycerides by BAT is enhanced in circumstances of increased
dietary fat and restricted hepatic uptake, as occurs in steatosis.
Thus, it is possible that prevention of HFD-induced BAT whiten-
ing by Asx[2**™ macrophages reflects arrest of dietary hyperlipid-
emia, thus limiting fatty acid incorporation.

Ultimately, however, catecholamines are central to mainte-
nance of BAT morphology and function, raising the possibility that
AsxI2 deletion prompts their production by myeloid lineage cells.
Although norepinephrine abundance is approximately twice that of
control in Asx[247*™ BAT, tyrosine hydroxylase expression by WT
BMMs and those lacking ASXL2 is undetectable, consistent with
reports challenging the concept that alternatively activated mac-
rophages produce catecholamines. The abundance of Maoa in the
SVF of Asx[24bM BAT indicates that accumulation of norepineph-
rine reflects its retarded degradation, which prevents whitening
(17). Asx2 deletion in myeloid cells reduces stimulated secretion
of TNF-q, which promotes Maoa expression (36), suggesting that
AsxI2/»M macrophages may preserve catecholamines by the cell’s
limited infiltration into BAT, regardless of weight gain and their
diminished expression of proinflammatory cytokines. RNA-seq
analysis revealed no difference in catecholamine-regulating pro-
tein expression by Asx[249™ and Asx[2"# BMMs, supporting the
concept that restricted macrophage infiltration, rather than dimin-
ished MAOA synthesis, is the dominant cause of BAT preservation.
Confirmation of this conclusion, however, requires direct measure-
ment of MAOA and SLC6A2 in BAT-residing macrophages, partic-
ularly those that are associated with sympathetic neurons, which
are difficult to obtain in purity (17). Additionally, future studies will
determine if prevention of macrophage accumulation in Asx/24
BAT reflects modified proliferation of resident macrophages or
dampened recruitment of circulating monocytes.

Because alternatively activated macrophages produce col-
lagens and other matrix components, their ECM proteins may
hypothetically contribute to the pathological remodeling of obese
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fat (37, 38). This being the case, macrophages that prevent obesity
may express less ECM protein than control. In fact, the RNA-seq
profile of Asx[242* BMMs reveals a unique phenotype relative to
classical alternatively activated cells in which collagen production
is increased to enable tissue healing (39-41). Although crown-like
structures typically contain MIl-polarized macrophages, those
associated with adipocyte fibrosis are predominantly M2 cells
(42). The role that macrophage-secreted ECM proteins play in
fibrotic remodeling of obesity-associated WAT is unknown but the
paucity of these molecules, expressed by Asx/2/»*M macrophages,
may contribute to their protection against diet-induced weight
gain and insulin resistance.

Although UCP1 activity in WT BAT is robust at room tempera-
ture, mice lacking the uncoupling enzyme, in this circumstance,
have normal body mass, indicating cold-associated compensatory
mechanisms (i.e., non-UCP1) preventing weight gain (43, 44). At
thermoneutrality, however, chow-fed Ucpl”~ mice develop obesity
(45) and in WT mice, HFD partially activates the enzyme (45, 46).
Additionally, human BAT incorporates more glucose and releas-
es more lactate than WAT in warm conditions (47). These obser-
vations indicate that HFD can stimulate BAT metabolism even at
thermoneutrality and raise the possibility that preservation of BAT
may diminish diet-induced weight gain in the absence of thermal
stress. In fact, such appears to be the case regarding Asx/2>* mice.

Collectively, these data highlight the role of ASXL2in altering the
gene expression profile of macrophages. Further, deletion of AsxI2
may protect adipose tissue homeostasis by locally influencing mac-
rophage accumulation and function. Thus, the capacity of myeloid
deletion of ASXL2 to prevent inflammatory remodeling of fat may
represent a partnership of decreased recruitment of macrophages
and suppression of their proinflammatory and ECM pathway genes.

To our knowledge, these findings are the first to identify
ASXL2 as a master regulator of macrophage function to control
systemic metabolic homeostasis. In addition, targeting ASXL2 in
macrophages may represent a novel therapeutic strategy against
obesity. Nevertheless, caution is warranted, as Asxl2 mutations
are associated with macrocephaly and dysmorphic features (48)
as well as hematopoietic malignancies. At least in mice, howev-
er, development of these leukemic disorders appears to require
inactivation of the gene in hematopoietic stem cells that are not
targeted by LysM-Cre (49). Thus, in contrast to mice lacking ger-
mline Asx/2, those in which the gene is absent only in myeloid lin-
eage cells exhibit no splenomegaly or other evidence of leukemia.
Furthermore, the fact that both LysM-Cre-mediated deletion and
NP-associated AsxI2 siRNA prevent obesity adds further support
for potential clinical relevance and indicates that postprandial
arrest of the ETP protein is effective. Therefore, ASXL2 may have
evolved to serve as a metabolic switch that determines macro-
phage responses to environmental stimuli such as dietary lipids.

Methods

Animals. LysM-Cre, Adipog-Cre, Albumin-Cre (Alb-Cre), and Ucpl”
mice were obtained from The Jackson Laboratory. Bapl”/! mice were
generously provided by Genentech Inc. (50). All animals were housed
in the animal care unit of Washington University School of Medicine,
where they were maintained according to guidelines of the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care.
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Table 1. List of primer sequences used for gPCR

Gene Forward primer Reverse primer

Gapdh 5’-TTCGACAGTCAGCCGCATCTTCTT-3’ 5’-CAGGCGCCCAATACGACCAAATC-3"
Asxi2 5’-CTCCTGAAATGCAGGTGAGA-3' 5’-TTGCTTTGGGATCACTTGAG-3"
Ucpt 5’-AGGCTTCCAGTACCATTAGGT-3’ 5’-CTGAGTGAGGCAAAGCTGATTT-3'
Th 5’-GTCTCAGAGCAGGATACCAAGC-3' 5’-CTCTCCTCGAATACCACAGCC-3
Maoa 5’-GCCCAGTATCACAGGCCAC-3' 5’-CGGGCTTCCAGAACCAAGA-3'
Adgrel 5’-CTTTGGCTATGGGCTTCCAGTC-3" 5’-GCAAGGAGGACAGAGTTTATCGTG-3"
Fegria 5'-AGGTTCCTCAATGCCAAGTGA-3' 5'-GCGACCTCCGAATCTGAAGA-3!
(d68 5’-TGTCTGATCTTGCTAGGACCG-3' 5'-GAGAGTAACGGCCTTTTTGTGA-3'
b 5'-GTGCAAGTGTCTGAAGCAGC-3' 5'-CAAAGGTTTGGAAGCAGCCC-3'
Tnfa 5’-CCTGTAGCCCACGTCGTAGC-3' 5’-AGCAATGACTCCAAAGTAGACC-3"
Coflal 5’-GCTCCTCTTAGGGGCCACT-3" 5’-CCACGTCTCACCATTGGGG-3'
(ol3a 5’-CTGTAACATGGAAACTGGGGAAA-3"  5'-CCATAGCTGAACTGAAAACCACC-3’
(ol6a 5’-CTGCTGCTACAAGCCTGCT-3" 5’-CCCCATAAGGTTTCAGCCTCA-3’
(0l18a 5’-GTGCCCATCGTCAACCTGAA-3' 5'-GACATCTCTGCCGTCAAAAGAA-3'
Itgva 5’-CCGTGGACTTCTTCGAGCC-3' 5'-CTGTTGAATCAAACTCAATGGGC-3'
Mmp12 5’-CTGCTCCCATGAATGACAGTG-3' 5'-AGTTGCTTCTAGCCCAAAGAAC-3’
Mmp14 5'-CAGTATGGCTACCTACCTCCAG-3' 5'-GCCTTGCCTGTCACTTGTAAA-3"
Cxcl2 5’-AGTGAACTGCGCTGTCAATG-3' 5"-ACTTTTTGACCGCCCTTGAG-3"
Cxcl4 5'-AGGAGATGGTCTTCACACACAC-3' 5"-TTCTGGGCCTGTTGTTTCTG-3"
Cxcl12 5’-TGCATCAGTGACGGTAAACCA-3' 5"-TTCTTCAGCCGTGCAACAATC-3'
Cxcl14 5’-GAAGATGGTTATCGTCACCACC-3! 5'-CGTTCCAGGCATTGTACCACT-3'

5'-ACAAGCCTTTGCTCCAGACCCTAT-3

Nirp3 5'-TGCTCTTCACTGCTATCAAGCCCT-3'
Th, tyrosine hydroxylase.

Generation of Asxl2-deficient mice. AsxI2maEUCOMMWS (clone ID:
HEPDO0751_1_DO05) embryonic stem cells were purchased from the Euro-
pean Conditional Mouse Consortium (EUCOMM) and were microin-
jected into B6(Cg)-Tyrc-2J/] blastocysts to generate chimeric mice at the
Washington University Pathology/Immunology Micro-Injection Core.
Highly chimeric mice were bred with B6(Cg)-Tyrc-2]/] females to select
for germline transmission. To remove the LacZ-neomycin-resistance
cassette, the mice were first crossed with transgenic mice expressing Flp
recombinase under the control of the actin promoter (The Jackson Lab-
oratory). The Flp transgene was removed by crossing the mice with WT
C57BL6/] mice. Asx[2"* mice were intercrossed to generate Asx/2%/ mice.
AsxI2M7 AsxI2VWT) and AsxI2"T littermate mice were genotyped by PCR
with primers ASXL2-5-arm (5'-CCCACACGCTCAGTCTCTACTC-
GC-3'), ASXL2-3-arm (5'-TCTCCCTTCTTTGTTGCTGCCACC-3'),
and LAR3 (5-CAACGGGTTCTTCTGTTAGTCC-3') using the follow-
ing parameters: 95°C for 3 minutes, followed by 35 cycles of 95°C for 30
seconds, 62°C for 30 seconds, and 72°C for 30 seconds, and then 72°C for
5 minutes. The WT allele was detected as a band at 828 bp, whereas the
floxed allele was detected as aband at 642 bp. Asx[2"" mice generated were
subsequently crossed with LysM-Cre mice (The Jackson Laboratory), Adi-
pog-Cre, and Alb-Cre. After Cre recombination, the floxed and WT alleles
were confirmed by PCR with primers (ASXL2-F, 5'-ACTTTCCTCAGAC-
CATCAGCTTCC-3'; ASXL2-R, 5-CCCCACGCCCCTCTCTCA-3; and
ASXL2-10xP, 5'-TGAACTGATGGCGAGCTCAGACC-3') using the same
parameters as above. The WT allele was detected as a band at 320 bp,
whereas the floxed allele was detected as a band at 378 bp.

RNA extraction and qPCR. RNA from cultured cells was isolated
and purified using the RNeasy RNA purification kit (Qiagen); RLT lysis
buffer was supplemented with f-mercaptoethanol (1%). RNA from tis-
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sues was isolated using the TRIzol method. Purified RNA was treated
with DNase I (Invitrogen) before reverse transcription. cDNA was syn-
thesized from RNA (1 ug) using the High-Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems). Real-time PCR was performed using
the SYBR Green Master Mix kit and gene-specific primers. The gPCR
reaction was performed on an ABI PRISM 7500 sequence detection
system (Applied Biosystems). All reactions were performed in triplicate
and relative mRNA levels were calculated by the comparative threshold
cycle method using GAPDH as an internal control. Detailed sequences
of the oligonucleotides used in qPCR analyses are listed in Table 1.

HFD feeding studies. Mice were housed in a pathogen-free barrier
facility with unrestricted access to water and standard mouse chow
containing 6% fat, which is designated as standard chow (chow) here-
in. For dietary intervention studies, mice were fed chow until age 8
weeks or 4 weeks and thereafter were randomized into groups that
were fed either chow or an HFD (Research Diets, catalog D12492).
Food intake and weight were monitored weekly. At the end of the
study, serum was collected and tissues were snap-frozen in liquid
nitrogen and stored at -80°C.

Body composition analysis. Body composition was measured using
DXA with a Faxitron UltraFocus according to the manufacturer’s
instructions. Body fat mass and lean mass were measured between 2
pmand 3 pm.

Indirect calorimetry. Indirect calorimetry was performed as
described previously (51). O, consumption (VO,) and CO, production
(VCO,) were measured for 48 hours to determine energy expenditure.
Mean relative VO, (expressed in mL/kg/min) and respiratory quotient
(RQ; calculated as VCO,/VO,) were determined.

GTT and ITT. Glucose tolerance tests (GTTs) were performed
on 16- to 20-week-old male mice by placing them in clean cages and
starving 6 hours with free access to water. Mice were weighed and a
small amount of blood was obtained from the lateral saphenous vein
for baseline (time 0) glucose measurements. Mice were then inject-
ed intraperitoneally with 50% sterile dextrose (1 mg/g body weight).
Tail blood glucose was determined at 15, 30, 60, and 120 minutes after
challenge using a Bayer Contour glucometer. For insulin tolerance
tests (ITTs), 16- to 20-week-old male mice were placed in clean cag-
es without food but free access to water. Following a 6-hour fast, the
mice were weighed and baseline glucose readings were taken using a
Bayer Contour glucometer. Mice were injected intraperitoneally with
human insulin (Humulin, Eli Lilly) at a dose of 0.5 U/kg body weight
and blood glucose measured at 15, 30, 45, and 60 minutes afterward.

Thermoneutrality studies. Ucpl”~ mice were bred with Asx/2-Cre
mice to generate Asx[2/2*™ on a Ucpl”~ background. These mice, along
with the controls (Asx/2?, Ucpl”~, and AsxI22*M) were housed at ther-
moneutrality. Mice were fed chow until age 8 weeks and thereafter
were randomized into groups that were fed an HFD. Body weights
were monitored weekly.

Invivo metabolic imaging. Mice were secured in a custom-designed
acrylic restraining device and placed inside the field of view (FOV) of
cross-calibrated Siemens Inveon PET/CT or Focus F220 scanners.
A 30-minute dynamic positron emission tomography (PET) image
acquisition was initiated immediately preceding a bolus injection of
[*¥F]fludeoxyglucose (0.2-0.5 mCi) or [''C]palmitate via the tail vein.
Dynamic images were reconstructed using the ordered subsets expec-
tation maximization (OSEM) algorithm and 40 frames per imaging
session. Images were analyzed by drawing regions of interest (ROIs)
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on BAT to ascertain in vivo measures of glucose (via fludeoxyglucose)
and fatty acid (via ["'C]-palmitate) metabolism time course. Data
derived from ROIs were normalized to standardized uptake values
(SUV = activity x [weight of mouse]/[injected dose]) to account for
differences in injected dose and weight of mice.

P5RHH-siRNA NP preparation. p5SRHH peptide (provided by Gen-
script) was dissolved at 10 mM in DNase-, RNase-, and protease-free
sterile purified water (Cellgro) and stored in 10-uL aliquots at ~-80°C
before use. The Cy5.5-labeled or nonlabeled siRNAs, scrambled siR-
NA (target sequence, GACGUAAACGGCCACAAGCC), and AsxI2
siRNA (target sequence, CCUAGGAGUUGCAGACUUG) were pro-
cured from Sigma-Aldrich, dissolved at 100 pM in 1x siRNA buffer
(Thermo Fisher Scientific), and stored in 10-pL aliquots at —80°C
before use. The pSRHH-siRNA NPs were prepared by mixing equal
volumes of the aforementioned pSRHH peptide and siRNA at a pep-
tide/siRNA ratio of 100:1 in 200 uL HBSS with Ca?* and Mg (Gibco
and Life Technologies) and incubated at 10 minutes on ice before i.v.
injection (26). For NP localization experiments, mice were sacrificed
24 hours after injection and tissues of interest were harvested and
stored at -80°C. For body weight experiments, mice were i.v. injected
with NPs twice per week after 3 weeks of HFD.

For in vitro experiments, the pSRHH-siRNA NPs were prepared by
mixing equal volumes of the aforementioned pSRHH peptide and siRNA
at a peptide/siRNA ratio of 100:1 in HBSS with Ca* and Mg* and incu-
bated at 37°C for 40 minutes and then added to the macrophage culture.

Morphometric analysis of WAT. Epididymal WAT was fixed in 10%
formalin for 2 days and transferred to 70% ethanol. Sections were stained
with hematoxylin and eosin and images acquired using Image] (NIH).

Fecal fat determination. Fecal fat content was determined grav-
imetrically as described previously (52). Briefly, 0.2 g of dried feces
was solubilized in 1.6 mL water and homogenized using 1-mm glass
beads. Feces were extracted in 6 mL chloroform/methanol (2:1) and
the organic phase was transferred to a pre-weighed vial, dried under
nitrogen, and reweighed to determine lipid mass.

Isolation of immune cells and flow cytometry. Murine epididymal
WAT, iWAT, and BAT were harvested and digested with 0.1% col-
lagenase type II (Sigma-Aldrich) at 37°C with shaking at 200 rpm
for 60 minutes. Digested tissues were filtered through a 100-pum
nylon mesh and centrifuged at 500 g for 5 minutes. Floating adi-
pocytes were removed, and the SVF pellet was resuspended in red
blood cell lysis buffer (ACK RBC Lysis Buffer). Recovered cells were
washed and stained with Zombie UV (1:600; BioLegend) accord-
ing to the manufacturer’s protocol, followed by surface staining for
flow cytometric analysis with fluorochrome-conjugated antibodies.
The following antibodies were used: rat anti-mouse CD45-BUV395
(BD Horizon, clone 30-F11; 1:200), rat anti-mouse CD304-BV421
(BioLegend, clone 3E12;1:300), rat anti-mouse CD86-BV605 (Bio-
Legend, clone GL-1; 1:300), rat anti-mouse/human CD11b-BV650
(BioLegend, clone M1/70; 1:400), hamster anti-mouse CD1lc-
BV711 (BioLegend, clone N418;1:300), rat anti-mouse Ly6G-BV785
(BioLegend, clone 1A8;1:300), rat anti-mouse F4/80-APC (BioLeg-
end, clone BM8; 1:300), rat anti-mouse MHC-II-Alexa Fluor 700
(BioLegend, clone M5/114.15.2; 1:300), rat anti-mouse CD14-APC/
Cy7 (BioLegend, clone Sal4-2; 1:200), rat anti-mouse SiglecF-PE
(BD Pharmingen, clone E50-2440; 1:400), rat anti-mouse CD206-
PE/Cy7 (BioLegend, clone C068C2; 1:200), mouse anti-mouse
CD64-PE-Dazzle594 (BioLegend, clone X54-5/7.1; 1:300), and rat

jci.org  Volume130  Number5  May 2020

The Journal of Clinical Investigation

anti-mouse Ly6C-FITC (BioLegend, clone HK1.4; 1:300) in Bril-
liant Stain Buffer (BD Biosciences) containing 10 pg/mL Fc Block
(purified unconjugated rat anti-mouse CD16/32; clone 2.4G2, BD
Pharmingen). Cells were incubated in the staining cocktail on ice for
30 minutes. Stained cells were washed 3 times in 200 uL FACS buf-
fer (PBS containing 2.5% heat-inactivated FBS and 2.5 mM EDTA)
before data acquisition on a BD X20 flow cytometer. Cells were
counted using CountBright Absolute Counting Beads (Invitrogen)
for flow cytometry according to the manufacturer’s instructions. Cell
frequencies were defined as percentage of the parent gate or as per-
centage of live cells, as indicated.

Lipolysis assay. For ex vivo lipolysis assay, 20 mg of BAT was col-
lected and cultured in 200 pL of low-glucose DMEM supplemented
with 2% fatty acid-free BSA with or without 10 pM isoproterenol in a
96-well plate for 60 minutes at 37°C. Media were collected and glyc-
erol release assays (MilliporeSigma) were performed per the manufac-
turer’s protocol. Tissue samples were harvested for protein quantifica-
tion using Bradford reagent.

Immunohistochemical staining. Paraffin sections (5 pm) were rehy-
drated and treated with 0.3% hydrogen peroxide in methanol for 15
minutes to suppress the endogenous peroxidase activity. Antigen
retrieval was achieved by microwaving the sections in 10 mM citrate
buffer for 10 minutes followed by gradual cooling to room tempera-
ture. Sections were incubated overnight at 4°C. Immunostaining was
detected using the Histostain-SP Broad Spectrum (DAB) kit (Thermo
Fisher Scientific, 95-9643).

Hypoxyprobe labeling. HFD-fed control or Asx[2/2*™ mice were
injected intraperitoneally with 60 mg/kg hypoxyprobe-1 (pimoni-
dazole HCI, Hypoxyprobe, Inc.) in PBS. Gonadal WAT was isolat-
ed 75 minutes later and fixed overnight at 4°C. Mice that did not
receive hypoxyprobe were analyzed in parallel to serve as a nega-
tive control for hypoxyprobe antibody specificity. Detection of hyp-
oxyprobe binding was performed using the Hypoxyprobe-1 Plus Kit
(Hypoxyprobe, Inc.).

Macrophage isolation. Primary BMMs were prepared as described
previously (53) with slight modification. Marrow was extracted
from femora and tibiae of 6- to 8-week-old mice with e-MEM and
cultured in a-MEM containing 10% inactivated FBS, 100 IU/mL
penicillin, and 100 pg/mL streptomycin (0-10 medium) with condi-
tioned media (1:10) from CMG12-14 cells (murine M-CSF-producing
cell line; ref. 54) on plastic petri dishes. Cells were incubated at 37°C
in 6% CO, for 3 days and then washed with PBS and lifted with 1x
trypsin/EDTA in PBS.

NLRP3 inflammasome activation. Cultured BMMs were primed
for 4 hours with LPS (100 ng/mL; Sigma-Aldrich) or TNF-a (10 ng/
mL) alone, and then exposed to nigericin (15 pM) for an additional
hour to activate the NLRP3 inflammasome. Media were collected for
IL-1B ELISA and cells harvested for either Western blot or gene expres-
sion analysis. To study NLRP3 inflammasome activation based on
caspase-1 activity, cells were cultured on coverslips and primed with
LPS for 4 hours. Cells were stimulated with nigericin for 30 minutes
followed by incubation with FLICA FAM-YVAD-FMK probe (Immu-
noChemistry Technology LLC) for an additional 30 minutes and ana-
lyzed by fluorescence microscopy.

Western blot analysis and immunoprecipitation. Cultured cells
were washed twice with ice-cold PBS and lysed in radioimmunopre-
cipitation assay (RIPA) buffer containing 20 mM Tris-HCI, pH 7.5,
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150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM Na,VO,, 1
mM NaF, and 1x protease inhibitor mixture (Roche Applied Science).
Total cell lysates were prepared by homogenizing the tissue in TNET
lysis buffer consisting of 1% Triton X-100, 150 mM NaCl, 50 mM Tris
pH 7.4, and 2 mM EDTA supplemented with protease and phospha-
tase inhibitors. After incubation on ice for 10 minutes, cell lysates
were clarified by centrifugation at 21,000 g for 10 minutes. Total
lysates (40 pg protein) were resolved by 8%-12% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and transferred onto PVDF
membranes. Filters were blocked in 0.1% casein in PBS for 1 hour and
incubated with primary antibodies at 4°C overnight followed by prob-
ing with fluorescently labeled secondary antibodies (Jackson Immu-
noResearch Laboratories). Proteins were detected with the Odyssey
Infrared Imaging System (LI-COR Biosciences).

RNA-seq library preparation and sequencing. Total RNA integri-
ty was determined using an Agilent Bioanalyzer or 4200 Tapesta-
tion. Library preparation was performed with 10 pg of total RNA
with a Bioanalyzer RIN score greater than 8.0. Ribosomal RNA was
removed by poly-A selection using oligo-dT beads (mRNA Direct
kit, Life Technologies). mRNA was then fragmented in buffer con-
taining 40 mM Tris acetate pH 8.2, 100 mM potassium acetate, and
30 mM magnesium acetate and heated to 94°C for 150 seconds.
mRNA was reverse transcribed to yield cDNA using SuperScript III
RT enzyme (Life Technologies, per the manufacturer’s instructions)
and random hexamers. A second-strand reaction was performed to
yield double-stranded cDNA. cDNA was blunt ended, had an A base
added to the 3’ ends, and then had Illumina sequencing adapters
ligated to the ends. Ligated fragments were then amplified for 12
cycles using primers incorporating unique index tags. Fragments
were sequenced on an Illumina HiSeq 2500 using single reads
extending 50 bases.

RNA-seq data acquisition, quality control, and processing. RNA-
seq reads were aligned to the GRCm38.76 assembly from Ensembl
with STAR version 2.0.4b (55). Gene counts were derived from the
number of uniquely aligned unambiguous reads by Subread:feature-
Count version 1.4.5. Transcript counts were produced by Sailfish ver-
sion 0.6.3. Sequencing performance was assessed for total number
of aligned reads, total number of uniquely aligned reads, genes and
transcripts detected, ribosomal fraction known junction saturation,
and read distribution over known gene models with RSeQC version
2.3. All gene-level and transcript counts were then imported into
the R/Bioconductor package EdgeR and TMM normalized to adjust
for differences in library size. Genes or transcripts not expressed in
any sample were excluded from further analysis. Performance of the
samples was assessed with a Spearman correlation matrix and mul-
tidimensional scaling plots. Generalized linear models with robust
dispersion estimates were created to test for gene/transcript level
differential expression. The fit of the trended and tagwise dispersion
estimates were then plotted to confirm proper fit of the observed
mean-to-variance relationship where the tagwise dispersions are
equivalent to the biological coefficients of variation of each gene.
Differentially expressed genes and transcripts were then filtered for
FDR-adjusted P values less than or equal to 0.05.

To enhance the biological interpretation of the large set of tran-
scripts, grouping of genes/transcripts based on functional similarity
was achieved using the R/Bioconductor packages GAGE and Path-
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view. GAGE and Pathview were also used to perform pathway maps
on known signaling and metabolism pathways curated by KEGG. The
raw data have been deposited to the NCBI's Gene Expression Omni-
bus (GEO) repository (GSE144180).

Statistics. Statistical significance was determined using unpaired,
2-tailed Student’s ¢ test, or 1-way or 2-way ANOVA with the Holm-Si-
dak multiple-comparisons test. Data are expressed as mean = SD. *P <
0.05, **P < 0.01, and ***P < 0.001 indicate the level of significance in
all experiments.

Study approval. All animal experimentation was approved by the Ani-
mal Studies Committee of Washington University School of Medicine.
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